The present experiments were designed to provide information on brain calcium metabolism during hypoglycemic coma. We specifically wished to evaluate changes in extracellular calcium concentration (Ca 2 + e) during prolonged hypoglycemic coma and recovery and to assess whether Ca 2 + e falls to similar values during hypoglycemia and ischemia. To that end, Ca 2 + e and K + e in neocortical tissue were recorded by ion-sensitive mi croelectrodes during hypoglycemic coma of 30 min dura tion and during 15 min of recovery. Cardiac arrest isch emia was induced eitheI: at the end of the period of hy poglycemia or after 15 min of recovery. Hypoglycemic coma, as reflected by a DC potential shift and by cellular release of K + , was accompanied by a sustained decrease in Ca 2 + e from -1.2 to -0.02 mM, i.e., to -1% of control. Infusion of glucose was followed by a biphasic recovery of Ca 2 + e' starting within 2 min of infusion. During the first phase, completed within the initial 3-4 min, Ca 2 + e rose to about 25% of control. During the second phase,
When sufficiently severe, hypoglycemia leads to deterioration of the cerebral energy state and loss of ion homeostasis, with cellular release of K + and uptake of Ca2+ (Astrup and Norberg, 1976; Pelli grino et aI., 1982; Harris et aI., 1984; Wieloch et aI., 1984) . In many respects, therefore, changes during hypoglycemic coma resemble those observed dur ing ischemia (Hansen, 1985) . There are differences, though. In hypoglycemia, an initial release of K + and uptake of Ca2 + seem to precede loss of energy homeostasis, suggesting that a spreading-depres sion (SD)-like depolarization wave triggers con-Ca 2 + e slowly increased toward normal within 25-30 min. Ischemia, when induced at the end of the period of hy poglycemia, was accompanied by a rise in Ca 2 + e to about 0.1 mM, i.e., about 10% of control. A similar value was recorded when ischemia was induced after 15 min of re covery following a 30-min hypoglycemic coma, Although the present results do not give information on Ca 2 + i dur ing hypoglycemic coma, it is tempting to conclude that partial preservation of the nucleoside triphosphate stores, and absence of acidosis, allow some binding and seques tration of the calcium entering the cell. Such binding and sequestration may explain the pronounced biphasic na ture of the recovery curves for Ca 2 + e' Thus, if one as sumes that the rapid increase in Ca 2 + e represents extru sion of available "free" intracellular Ca 2 + , one can en visage that the slow phase of recovery represents calcium that is slowly extruded following its release from the bind ing and sequestration stores. Key Words: Hypoglycemic coma-Calcium-Recovery-Ischemia-Brain-Rat.
sumption of A TP and that sustained activation of ion conductances then prevents resynthesis of ATP and repolarization of membranes (Harris et aI., 1984; Wieloch et aI., 1984) . Finally, this extensive loss of ion homeostasis occurs in spite of the partial preservation of cellular energy stores, with tissue nucleoside triphosphate concentrations (ATP, CTP, and UTP) being upheld at 20--40% of control values (Chapman et aI., 1981) .
The objective of the present study was to resolve some key issues pertaining to cellular calcium ho meostasis during hypoglycemic coma. Since Harris et ai. (1984) only recorded extracellular calcium concentration (Ca2+ e) during 10 min of hypoglyce mic coma, it is not known if Ca2 + e remains low during a 30-min period of coma, which is the time period usually employed in studies of neuropatho logical outcome. Furthermore, it is not known if Ca2+ e falls to similar values during hypoglycemic coma and during complete ischemia. Finally, no in-formation is available on the rate of recovery of Ca2+ e following administration of glucose.
To gather information on these issues, we re corded K + e and Ca2 + e in anesthetized rats before, during, and after a hypoglycemic coma of 30 min duration. The absolute values for Ca2+ e during hy poglycemic coma were compared with those re corded during complete ischemia. This comparison was facilitated by the use of a device for maintain ing brain temperature constant during complete ischemia (Ekholm and Siesj6, 1992) . The results ob tained by recording Ca2 + e during recovery follow ing a 30-min period of hypoglycemic coma will be correlated with those describing resumption of ATP synthesis and Na + -K + -ATPase activity (Katsura et ai., 1993) .
MATERIALS AND METHODS
Rats of an S.P.F. Wistar strain, weighing 300-350 g, were fasted overnight with free access to water. All ani mals were anesthetized with 3% halothane (ISC Chemi cals Ltd., Bristol, U.K.) in 30% oxygen and 70% nitrous oxide, tracheotomized, and ventilated with a small animal ventilator. Yentilation was adjusted to give a Pao 2 of -100 mm Hg and a Paco 2 of -40 mm Hg. After trache otomy, the halothane concentration was reduced to 1.5%, and a central venous catheter (CYC) was inserted via the external jugular vein on the right side for blood pressure control by withdrawal or injection of blood through a sy ringe attached to the catheter. A femoral artery catheter was inserted for blood pressure monitoring and for blood gas and plasma glucose measurements, and a catheter was introduced into a femoral vein for drug administra tion. The rats were paralyzed with continuous infusion of a muscle relaxant (Norcurone, Organ Teknika, Boxtel, Holland), 2 mg/ml, with an infusion rate of 1 mllh. After tracheotomy and insertion of catheters into the femoral vein and femoral artery, the rats were injected i.p. with insulin, 2 IU/kg (Actrapid, Novo Industri AIS, Denmark). A craniotomy (outer diameter, 2 mm) was placed over the right frontoparietal cortex for measurement of extracel lular ion concentrations and direct current (DC) potential by ion-sensitive microelectrodes (ISM). The animal was placed in a Faraday cage on a plastic table, and the head was mechanically stabilized before insertion of the ISM. Body temperature was measured by a rectal probe and maintained at 37°C with a servocontrolled electrical heat ing blanket. A small incision was made in the dura to allow insertion of an ISM. The ISM tip was inserted 700 fLm deep into the frontoparietal cortex, about 3 mm pos terior and lateral to bregma, with a motor-controlled micromanipulator (Wild Leitz AB, Kista, Sweden). The halothane supply was subsequently decreased to 0.3% in N 2 0-0 2 as above; heparine, 180 IU/kg, was injected i.v. The electroencephalogram (EEG) was continuously re corded by needle electrodes inserted bitemporally, with the reference electrode connected to the animal's tail.
Experimental procedures
All rats underwent a 30-min period of hypoglycemic coma, as timed from the depolarization. Depolarization occurred within 2.5 h of the time of insulin injection. The J Cereb Blood Flow Metab, Vol. 13, No.6, 1993 blood pressure was maintained during hypoglycemic coma at -150 mm Hg. After 30 min of hypoglycemic coma, recovery was induced by i.v. infusion of lO% glu cose at a rate of lO ml/h for 5 min; infusion was then continued at a rate of 5-6 mllh. Complete ischemia was induced either after 15 min of recovery or at the end of 30 min of hypoglycemic coma by cardiac arrest; cardiac ar rest was produced by injection of saturated KCI via the CYC. To exclude the effect of temperature changes, we kept the head temperature at 37°C during the 10-min pe riod of complete ischemia (see Ekholm and Siesj6, 1992) . This procedure permitted the comparison of Ca 2 + levels in hypoglycemia and complete ischemia. e
Microelectrode measurements
Double-barrel glass microelectrodes were pulled from two aligned glass capillaries in a vertical gravitational puller. The barrel destined for the liquid ion sensor was silanized in dimethyldichlorosilane vapor for 2 min and immediately baked in an oven at 120°C for 1 h, while the second barrel was plugged. The tip of the electrode was broken back to the desired outer tip diameter (4-6 fLm). The ion-sensitive barrel was backfilled with 100 mM CaCI 2 or 150 mM KCI, and the other barrel was filled in the same manner with ISO mM NaCl. The tip of the elec trode was put in the liquid ionophore [calcium ionophore I-Cocktail A 21048 or potassium ionophore I-Cocktail A 60031 (Fluka Nr 2lO48, Fluka AG, Switzerland)]; with the help of a small syringe, the ionophore was sucked up into the tip to a height of 500-800 fLm. The ISM was connected to a high-input impedance amplifier by Ag-AgCI wires and the signal was recorded on a multichannel pen writer. The rats were grounded via Ag-AgCI electrodes in 3% agar and 150 mM NaCI inserted s.c. and connected to the same amplifier.
The ISMs were calibrated in electrolyte solutions that closely simulated their expected extracellular counter parts. For calcium calibration, the mixture was 130 mM NaCl, 3 mM KCI, and 0.1-5 mM CaCI 2 in 10 mM MOPS (3-[N-morpholino]propane sulfonic acid, sodium salt, Sigma, St. Louis, MO, U.S.A.) buffer, pH 7.3, with ad justments of NaCI concentration to maintain iso osmolarity. The calibration solution with 0.01 mM cal cium was prepared according to Tsien and Rink (1980) . For calibration of the potassium ISM, the composition of the calibration solutions was 150 mM NaCI with either 3, lO, or 60 mM KCI. The microelectrodes were considered acceptable when they responded with 26-30 mY (calcium ISM) and 52-58 mY (potassium ISM) to a 10-fold change in [Ca 2 +] and [K +], respectively.
In some experiments, triple-barrelled, double-ion sensitive microelectrodes (DISMs) were used to measure the K + e and Ca 2 + e concentrations at the same point si multaneously. Three glass tubes, fixed together with a small rubber ring, were pulled in the usual way. The tip was broken back to a total diameter of approximately 8-10 fLm, and the two active barrels were silanized with dimethyldichlorosilane. The ionophores used were the same as used above. Two differential amplifiers with high impedance inputs were connected to the DISM. The DISM was calibrated in the same solutions as were the ISMs. There was no interference between the signals from the active barrels. Calibration of both ISMs and DISMs was performed before and after experiments at 37°C. The ISMs used in the group of rats with complete ischemia were calibrated at 37°C in the temperature-controlled box (for more details, see Ekholm and Siesj6, 1992) . Table 1 shows the physiological parameters prior to depolarization, after 25 min of hypoglycemic coma, and after 15 min of recovery. All animals were normothermic and normocapnic, had blood pressures> 100 mm Hg, and had Pao 2 values well above 100 mm Hg. Arterial pH was 7.35-7.45, and glucose concentrations were in the ranges expected for hypoglycemic and postinsult animals.
RESULTS
The ISMs were inserted into the neocortex 30--90 min before depolarization occurred, when the EEG pattern changed from one indistinguishable from the control pattern to one interspersed with periods of slow waves. As no changes in ionic concentra tions were observed during this period, insertion of the electrode per se did not seem to trigger depo larization and SD. Thus, depolarization and the ac companying massive extracellular ion changes were not observed until 1 min before the EEG became isoelectric (1 animal), EEG activity ceased (11 ani mals), or 1-2 min after EEG flattening (7 animals). A period of 1.5-2.5 h elapsed between insulin injec tion and depolarization.
The average initial Ca2+ e value was 1. 19 ± 0.20 mM (mean ± SD, n = 18). In confirmation of the results reported by Harris et al. (1984) , we found no change in Ca2+ e in the slow wave-polyspike period. However, when the negative shift of DC potential suddenly occurred, Ca2+ e fell to values below 0.1 mM. Figure 1 shows two representative records. In 10 of 18 animals, the initial rapid decrease in Ca2+ e was followed by a slow transient recovery of Ca2 + e' which preceded a persistent reduction in the Ca2 + e level (Fig. la) . In the other animals, such partial and transient recovery was either slight or absent (Fig.  Ib) . Table 2 ... shows the Ca2 + e values obtained after 0.2, 15, and 30 min. During the first 10--15 min, Ca2+ e fell to 0.02 mM. This value is clearly lower than that recorded during complete ischemia (Kris tian et aI., 1992; see also below). Low values were recorded during the entire 30-min coma period.
Recovery of Ca 2 + e after 30 min of hypoglycemic coma Following infusion of glucose, recovery of Ca2+ e occurred after a lag period of about 2 min in two phases: a rapid increase to values exceeding 20% of control and a slow gradual increase toward normal values. As shown in Fig. 2a , the lag period either involved no change of Ca2 + e value for the initial 2-min period (n = 6) or was associated with a slow gradual rise in Ca2+ e before the rapid phase 1 started ( Fig. 2b; n = 5) . The fast phase occurred simultaneously with the recovery of the DC poten tial and lasted about 1 min. The second phase was accompanied by a slow increase of Ca2 + e toward normal. As shown in Fig. 3 , the recovery at 5 min was to <30% of control; after 15 min, recovery reached �80% of control. Control values were not reached for 25-30 min (data not shown).
Previous data on changes of K + e during recovery from hypoglycemia show that K + e starts to recover after about 2 min and then rapidly reaches precoma levels (Katsura et aI., 1993) . The difference in time courses of recovery of Ca2 + e and K + e is best ex emplified by the fact that, when Ca2+ e reached a level of 0.23 ± 0. 12 mM (end of phase 1), the DC potential and K + e reached precoma levels (Fig. 3) . After 15 min, when Ca2+ e was 0.87 ± 0.2 mM (76 ± 12% of control; n = 11), K + e was subnormal.
Ca 2 + e during complete ischemia As stated, Ca2+ e during hypoglycemic coma fell to values lower than those previously recorded dur ing complete ischemia. To verify this finding, two sets of experiments were performed. In one, com plete ischemia was induced by cardiac arrest at the end of 30 min of hypoglycemic coma (n = 7). The results, exemplified in Fig. 4 , demonstrate that isch emia was associated with a rise in Ca2+ e to values of about 0. 1 mM. Figure 4 demonstrates that the rise was similar whether ischemia was induced at a constant body temperature (Fig. 4a ) or during main tenance of head temperature at 37°C (Fig. 4b ; for details of technique, see Ekholm and Siesjo, 1992) .
In 11 animals, ischemia was induced after 15 min of recovery, following 30 min of hypoglycemic Data are means ± SD. coma. Figure 5 compares the values obtained after 5 min of ischemia to those obtained during the pre ceding hypoglycemic coma. The results confirm the findings of lower Caz+ e values during hypoglycemic coma than during ischemia; the values during isch emia were 5-10-fold higher than during hypoglyce mic coma.
DISCUSSION
The present results confirm those reported by Harris et al. (1984;  see also Wieloch et aI., 1984) in showing an abrupt decrease in Caz + e during hypo glycemic coma, as defined by cessation of sponta neous EEG activity and the appearance of a DC potential shift, as well as an abrupt increase in K + e' The results also give novel information on the fol lowing issues. First, the results show that a very low Ca2+ e (around 0.02 mM) is maintained as long as coma prevails. Second, they demonstrate that although glucose injection leads to a rise in Ca2+ e' beginning within 2 min, the recovery is slow, with Caz + e reaching 27% of control after 5 min and 76% of control within 15 min. Third, the results unequiv ocally demonstrate that complete ischemia, induced after 30 min of coma, leads to a 5-1O-fold rise in Caz+ e' Similar results were obtained when ischemia was induced 15 min after the animals had been re covered from hypoglycemic coma. Vol. 13, No.6, 1993 Hypoglycemia and brain calcium metabolism Previous results (Harris et aI., 1984; Wieloch et aI., 1984; Siesj6 and Deshpande, 1987) and those described here demonstrate that neither the extra cellular nor the total tissue calcium content changes before hypoglycemia is sufficiently severe to sup press EEG activity. When such levels of hypogly cemia are reached, sudden depolarization of cell membranes (as reflected in the DC potential shift) is accompanied by release of K + from cells, along with uptake of Caz +. However, since total tissue calcium content remains unchanged (Siesj6 and Deshpande, 1987) , the cellular calcium "overload" is restricted to a shift of Caz + from extra-to intra cellular fluids. During hypoglycemic coma, the size of the extracellular fluid (ECF) space decreases to 50--6 0% of control (Pelligrino et aI., 198 1) . This means that virtually all ECF calcium is translocated to intracellular fluids. Clearly, the ensuing rise in Ca2+ i is determined by this load (about 200 J.Lmol/g of intracellular fluids) and by the binding sequestration capacity of intracellular fluids. It is known that Ca2 + i rises during hypoglycemic coma (Uematsu et aI., 1989) , but the exact value of Ca2+i is not known, and the value may be different be tween different cell types. The rise in Ca2 + i is prob ably a major factor determining hypoglycemic neu ronal damage (Auer and Siesj6, 1988; Siesj6, 1988) .
Recovery of Ca 2 + e following glucose infusion
We have previously reported that, following glu cose infusion, the DC potential shift and the rise in The values are cal culated as percentages of normal precoma levels. After 5 and 15 min of glucose infusion, Ca2+ e was recovered to 27 :±: 10% and 76 :±: 12% of control, respectively. The K + e was recov ered at the same time to 99 :±: 5% and 103 :±: 1%, respectively (mean:±: SO; n = 11).
K + e start recovering after 2 min. At least part of this lag must reflect the slow transport of glucose across the blood-brain barrier (Katsura et aI., 1993) . However, once ATP production is resumed, K + e rapidly normalizes. The behavior of Ca2+ e is clearly different. Thus, although Ca2+ e starts in creasing within 2 min, the initial (fast) recovery is only to about 25% of control; it is followed by a slow, gradual increase toward normal values over 25-30 min. A suggested two-phase recovery of Ca2+ e has previously been observed during recir culation following complete ischemia (Siemkowicz and Hansen, 1981) . However, in these experiments, the initial recovery was more extensive, and full recovery was observed within 13 min. In the exper iments of Silver and Erecinska (1992) , the initial recovery of Ca2+ e was even more rapid (see Fig. 1 in their article). It thus emerges that the two-phase recovery observed in the present experiments has not been observed in ischemia. This biphasic recov ery could reflect the dual effect of binding sequestration and extrusion. Thus, assuming that a considerable fraction of the cell calcium load is se questered and/or bound, it is possible that a high capacity and low-affinity transporter (such as the electrogenic 3Na + /Ca2+ antiporter) can quickly ex trude only part of the calcium entering the cells and that the subsequent extrusion of the remainder of the calcium requires that it is first released from intracellular binding-sequestration sites.
Calcium metabolism in hypoglycemia versus ischemia
Coupled release of K + from cells and massive depolarization, as occurs in ischemia and hypogly- cemia, must activate multiple pathways for calcium entry and lead to partial or complete dissipation of the extra-to intracellular calcium gradients (Hansen, 1985; Siesjo and Bengtsson, 1989) . In hy poglycemic coma, the ensuing loss of ionic gradient is reflected in the rapid and large decrease in Ca2 + e; however, the rise in Ca2+ i has not been quantitated, nor is it known if it affects both neurons and glia cells.
The situation is different in ischemia. Erecinska (1990, 1992) carried out extensive mea surements of Ca2 + i in neurons from the dorsal hip pocampus (CA-l and CA-3), the cingulate cortex, and the dorsal thalamus in rats sUbjected to low flow ischemia (CBF about 20% of control). Their initial article showed that, at this reduction of CBF, about 20% of control, the cells showed changes in Ca2+ i> the values increasing from a mean of 70 nM to a mean of 30 J.lM (Silver and Erecinska, 1990) . In general, the rate of rise was higher in CA-l pyrami dal cells than in neocortical or thalamic neurons. However, a correlation between Ca2 + i and Ca2 + e could not be made since Ca2 + e was measured in only one site and since the authors confined their comments to a statement that Ca2+ e fell to 0.5 mM or less.
An interesting observation was that the mem brane potential was measurable ( -13 to -20 m V) Vol. 13, No.6, 1993 even after 8 min of ischemia. In the subsequent study (Silver and Erecinska, 1992) , CA-l and CA-3 cells were compared, recovery events were studied following 8 min of low-flow ischemia, and Ca2 + i was correlated to Ca2+ e' The following findings are particularly relevant to the present discussion. First, although changes in Ca2+ e were virtually identical, the rise in Ca2+i in CA-I cells was 10 times that observed in CA-3 cells. This finding and the presence of an appreciable membrane potential (-17 mV in CA-l and -31 mV in CA-3 cells) dem onstrate that Ca2+ cannot be passively distributed in the electrical field across the partially depolar ized neurons. Second, recirculation was followed by rapid recovery of Ca2+ e and Ca2\. Thus, al though Ca2 + i in CA-l cells rose to 30 J.lM during ischemia, recirculation for 10 min increased Ca2 + e to 1.12 mM and reduced Ca2+ i to 0.35 J.lM, with almost complete normalization within the next 10min period. It is not known if these results are gen erally applicable to severe ischemia-for example, to situations of ceased blood flow. Thus, one can see that the higher Ca2 + i value reached by CA-l cells is due to a higher density of calcium channels, allowing a larger proportion of the ECF calcium to reach CA-l than CA-3 cells before Ca2 + e has been reduced to low levels. Alternatively, the reduction in CBF and/or in tissue P0 2 is more extensive in the CA-l than the CA-3 sector. Clearly, uncertainty will remain until similar measurements are carried out during complete ischemia. Whether the compar atively high intraischemic Ca2+ e values recorded by Silver and Erecinska (1992) can be explained by a relatively high residual blood flow must also be studied. Since hypoglycemia leads to a rise in K + e to about 40-50 mM (Astrup and Norberg, 1976; Pelli grino et aI., 1982; Harris et aI., 1984; Wieloch et aI., 1984; Katsura et aI., 1993) , both neurons and astro cytes must be extensively depolarized. However, since membrane potentials are not 0 and may vary between cells, and since 20-40% of tissue ATP con tent persists, Ca2+ i values are unknown. We can only speculate that Ca2 + i values are generally lower than in ischemia (due to persisting ATP production) and that neurons with a high density of Ca2 + chan nels take the brunt of the calcium load (which ex plains the selective neuronal necrosis). Further more, it is not unreasonable to conclude that the remaining energy source in hypoglycemic coma is sufficient to maintain an "active" Ca2+ e/Ca2+ i gra dient, i.e., a Ca2+ i value that is lower than dictated by the membrane potential.
In summary, therefore, although a larger fraction of the extracellular Ca2 + is translocated from extra to intracellular fluids in hypoglycemic coma than in severe ischemia, the recovery of Ca2+ e is slower, showing a pronounced two-phase behavior. This difference is possibly because a large fraction of the calcium entering cells in hypoglycemic coma is se questered and/or bound; such binding-sequestra tion may be responsible for both a lower Ca2+ i dur ing the insult and the very gradual release and ex trusion during recovery.
